Vascular endothelial cadherin (VE-cadherin) connects neighboring endothelial cells (ECs) via interendothelial junctions and regulates EC proliferation and adhesion during vasculogenesis and angiogenesis. The cytoplasmic domain of VE-cadherin recruits ␣-and ␤-catenins and ␥-catenin, which interact with the actin cytoskeleton, thus modulating cell morphology. Dysregulation of the adherens junction/cytoskeletal axis is a hallmark of invasive tumors. We now demonstrate that the transmembrane ubiquitin ligase K5/MIR-2 of Kaposi's sarcoma-associated herpesvirus targets VE-cadherin for ubiquitin-mediated destruction, thus disturbing EC adhesion. In contrast, N-cadherin levels in K5-expressing cells were increased compared to those in control cells. Steady-state levels of ␣-and ␤-catenins and ␥-catenin in K5-expressing ECs were drastically reduced due to proteasomal destruction. Moreover, the actin cytoskeleton was rearranged, resulting in the dysregulation of EC barrier function as measured by electric cell-substrate impedance sensing. Our data represent the first example of a viral protein targeting adherens junction proteins and suggest that K5 contributes to EC proliferation, vascular leakage, and the reprogramming of the EC proteome during Kaposi's sarcoma tumorigenesis.
Cell-cell interactions in tissues are regulated via adherens junctions, cellular structures that mediate tight adhesion between neighboring cells (64) . The disruption of adherens junctions changes normal epithelial cells into invasive cells, and defective adherens junctions are regularly observed in malignant tumors (6) . Endothelial junctions represent a unique type of cell-cell junction relying on the junction molecule vascular endothelial cadherin (VE-cadherin), which is exclusive to endothelial cells (ECs). The calcium-dependent homotypic interactions of VE-cadherin between neighboring ECs occur both during embryonic vasculogenesis and during angiogenesis. Besides regulating vascular homeostasis, interendothelial junctions also play an important role in contact inhibition of EC growth (31) . In addition, endothelial junctions regulate leukocyte extravasation and infiltration into inflamed areas (25) . Upon extracellular engagement, junctional proteins such as VE-cadherin and platelet-endothelial cell adhesion molecule 1 (CD31/PECAM-1) transfer intracellular signals to modulate the cytoskeleton and EC growth and apoptosis (37) . The cytoplasmic tail of VE-cadherin associates with ␣-and ␤-catenins and plakoglobin (or ␥-catenin), which dynamically link to the actin cytoskeleton (84) . The cytoskeletal architecture is thus regulated by extracellular adhesion processes.
Diseases linked to altered endothelial permeability or vascular morphogenesis are often associated with alterations in the composition of intercellular EC junctions. A particularly striking example of a disease that is based on aberrant EC proliferation, neoangiogenesis, erythrocyte extravasation, and inflammation is Kaposi's sarcoma (KS) (26) . KS is the most prevalent AIDS-associated malignancy, accounting for up to 50% of all diagnosed cancers in regions with high AIDS prevalence. Human herpesvirus 8, or KS-associated herpesvirus (KSHV), is consistently identified in all forms of KS (2) . Evidence for KSHV's being the etiologic agent of KS comes from the findings that KSHV transforms ECs in vitro, that several open reading frames (ORFs) of KSHV are transforming (54) , and that KSHV has close homology to other tumorigenic gammaherpesviruses, such as Epstein-Barr virus (EBV), herpesvirus saimiri, and rhesus rhadinovirus (23) . While KSHV is unable to immortalize ECs in vitro, long-term latent infection of dermal microvascular ECs (DMVECs) by KSHV was achieved with DMVECs immortalized with human papillomavirus E6 and E7 proteins (E-DMVECs) and telomerase-immortalized DMVECs (TIME cells) (53) .
The KSHV genome comprises over 85 ORFs arranged as seven highly conserved gene blocks separated by regions containing unique or subfamily-specific genes (68) . The KSHVspecific "K" genes are involved in the transformation of host cells and immune modulation. Several of these K genes are pirated from the host genome and have now acquired additional functions in immune modulation and/or tumorigenesis (54) . The two ORF products K3 and K5 (also known as MIR-1 and MIR-2) are homologous to membrane-associated RING-CH (MARCH) proteins of the host (3, 59) . MARCH proteins are type III transmembrane RING-type ubiquitin ligases (3, 51) which transfer ubiquitin to cytoplasmic lysines (3, 9) and, in the absence of lysines, to cysteines or serines and threonines of transmembrane target proteins (13, 79) . K3 and K5 (20, 40) , as well as the related proteins MK3 of murine herpesvirus 68 (MHV68) (71) and M153R of myxomavirus (32, 51) , share the ability to destroy major histocompatibility complex class I (MHC-I) molecules, suggesting a role in viral evasion of the adaptive cellular immune response in immunocompetent hosts. In addition, the members of this family of transmem-brane ubiquitin ligases also target other cell surface proteins, mostly immunoreceptors, with partially overlapping, partially unique specificities. For instance, both K3 and K5 additionally target the gamma interferon receptor (47) and the nonpolymorphic MHC-I-like molecule CD1 (69) , but only K5 also targets the costimulatory molecules ICAM-1 and B7.2 (22, 40) and activated leukocyte cell adhesion molecule (4) .
In addition to these immune modulatory functions, recent evidence suggests that K5 may play a role in regulating the function of ECs by downmodulating the EC-specific cell adhesion molecule CD31/PECAM-1 (52, 75) . The efficient removal of both preexisting and newly synthesized CD31/PECAM-1 suggests that inhibiting EC adhesion is an important function of K5 which may thus contribute to KS development in immunosuppressed individuals (52) . While it is currently not known which proteins of the EC membrane are targeted by K5, a quantitative membrane proteomics analysis of HeLa cells revealed several novel K5 targets, consistent with K5's selectively eliminating or sequestering a number of yet-to-be-identified host cell proteins (4) . It is thus conceivable that K5 contributes on a proteomic level to the well-documented transcriptional reprogramming of ECs by KSHV (78) .
We now present evidence that further strengthens the argument that, by expressing K5, KSHV profoundly modulates the function and morphology of ECs. We demonstrate that K5 downregulates VE-cadherin on the EC surface, thus eliminating the major component of endothelial junctions. Importantly, the downregulation of VE-cadherin by K5 also reduces ␣-and ␤-catenin and ␥-catenin levels, thus dramatically rearranging the actin cytoskeleton. As a consequence, the permeability of the EC monolayer is drastically increased. These data therefore implicate K5 in the dysregulation of ECs during KS development and suggest that K5 may play a role in some of the aberrant features of ECs typical of KS. Moreover, this is the first description of a viral protein targeting the VE-cadherin-catenin complex.
MATERIALS AND METHODS
Viruses and cell culture. E-DMVECs with long-term KSHV infection were established and maintained as described previously (56) . Primary DMVECs (Lonza, Rockland, ME) were infected with KSHV in 1 ml of OptiMEM (Invitrogen, Carlsbad, CA) and spun at 1,000 rpm for 2 h at 20°C, after which the inoculum was removed and replenished with fresh medium. T4 TIME cells were obtained from Dean Kedes (University of Virginia) and infected with KSHV as described previously (75) . Adenovirus (Ad) constructs expressing N-terminally (MK3 and K3) or C-terminally (K5) FLAG-tagged protein from sequences inserted under the control of a tetracycline transactivator (tTA)-dependent promoter (36) were generated using a plasmid-based recombinant system (35) . The tTA-expressing Ad vector AdTet was obtained from David Johnson (Oregon Health & Science University) and has been described previously (74) . pcDNA5/ FRT/To expressing the human Notch intracellular domain (NIC) was obtained from Jae Jung (Harvard Medical School) and was used to generate recombinant Ad. An Ad VE-cadherin construct encoding full-length VE-cadherin (AdVEcadherin) and an Ad VE-cadherin construct lacking the entire cytoplasmic domain (AdECTM) were kindly provided by Andrew Kowalczyk (Emory University, Georgia).
Antibodies and reagents. The antibodies included anti-transferrin receptor (anti-TfR; U.S. Biological); anti-FLAG and anti-human leukocyte antigen (anti-HLA) antibody W6/32 (Sigma); anti-P4D1, anti-cyclin D1, and antisurvivin (Santa Cruz); anti-␣-, -␤-, and -␥-catenins (BD Transduction Laboratories); anticalreticulin (Stressgen); anti-VE-cadherin (BV9) and anti-F-actin (Abcam); anti-MHC-I K455 (from P. Peterson); and anti-ORF59 (from Bala Chandran). Phalloidin was purchased from Invitrogen. Concanamycin A (ConA; Sigma) and MG132 (Boston Biochem, Cambridge, MA) were used at final concentrations of 50 nM and 50 M, respectively. Protein A or G beads were obtained from Santa Cruz Biotechnology. Phorbol 12-myristate 13-acetate was obtained from Sigma and used at 20 ng/ml.
Cell surface protein biotinylation and purification. Biotinylation with EZLink TM Sulfo-NHS-SS-Biotin was performed according to the protocol of the manufacturer (Pierce, Rockford, IL). Briefly, cells were washed three times in ice-cold phosphate-buffered saline (PBS), and proteins at the cell surface were labeled with Sulfo-NHS-SS-Biotin for 30 min at 4°C. The cells were washed and lysed immediately with a nonionic detergent. Labeled proteins were isolated with immobilized NeutrAvidin gel (Pierce, Rockford, IL). The bound proteins were released by incubating the resin with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing 50 mM dithiothreitol.
siRNA transfection. Cells were transfected with K5 small interfering RNA (siRNA) or scramble siRNA twice at 24-h intervals according to the protocol of the manufacturer (Dharmacon, Lafayette, CO). Four days posttransfection, cells were infected with KSHV as described previously.
Flow cytometry and IFA. For flow cytometric analysis of surface proteins, cells were removed from tissue culture dishes with 0.05% trypsin-EDTA (Invitrogen), washed with ice-cold PBS, and incubated with primary antibodies for 30 min at 4°C. After several washes in PBS, cells were incubated with phycoerythrin (PE)-conjugated goat anti-mouse secondary antibody (Dako) and washed again before analysis with a FACSCalibur flow cytometer (BD Biosciences, Palo Alto, CA). For intracellular staining, trypsinized and washed cells were fixed in 2% paraformaldehyde for 15 min at room temperature and then washed three times in a permeabilizing solution (1% saponin, 10% NaN3, and 10% fetal calf serum in PBS) prior to incubation with antibodies. Immune fluorescence analysis assays (IFA) were performed as described previously (51) . Images were captured with an Axioskop 2 microscope and an AxioCam (Carl Zeiss, Göttingen, Germany). Coverslips were mounted onto slides and covered with Vectashield H-1200 plus DAPI (4Ј,6-diamidino-2-phenylindole). All pictures were taken in monochrome and were subjected to contrast enhancement and artificially colored by using Openlab 4.0.3 software (Improvision, Lexington, MA). Appropriate specificity controls were included for all experiments.
Immunoprecipitation and immunoblotting. E-DMVECs grown in 100-mm tissue culture dishes were transduced with Ad constructs at a multiplicity of infection (MOI) of 250 PFU per cell. For tTA-dependent constructs, AdTet was included at a 1:5 ratio. At 20 h after infection, cells were immunoprecipitated as described previously (51) . For immunoblotting, the WesternBreeze chemiluminescence detection system (Invitrogen) was used following semidry transfer onto polyvinylidene difluoride membranes (Millipore, Billerica, MA).
Measurement of monolayer formation by the ECIS technique. Electric cellsubstrate impedance sensing (ECIS) measures the attachment and spreading of cells quantitatively in real time (81) . ECIS electrode arrays (8W10E), obtained from Applied Biophysics (Troy, NY), resemble a typical eight-chamber tissue culture slide, but the base of each well contains 10 250-m working electrodes. A low, noninvasive current (20 kHz) is applied to the system, and a larger counter electrode completes the circuit by using standard tissue culture medium as an electrolyte. Arrays are placed in an electrode array holder within a CO 2 incubator with leads to the ECIS instrument and a personal computer that controls data acquisition, storage, and analysis (www.appliedbiophysics.com). An increase in resistance is measured as the current is constrained by the insulating membranes of the cells. Small fluctuations in electrode resistance are due to natural micromotion as cells move on the electrodes. Prior to the plating of DMVECs, arrays were cleaned with L-cysteine (10 mM) and coated with 1% gelatin per the manufacturer's instructions. DMVECs cultured in tissue culture dishes under standard conditions were transduced with Ad constructs expressing K5 (AdK5) and K3 (AdK3) and AdTet for 24 h or were untreated. Cells were enzymatically lifted, counted, and seeded in duplicate into 8W10E arrays at a density of 2 ϫ 10 5 cells/well. Arrays were placed into the array holders immediately after seeding, and resistance was monitored for up to 24 h. Where indicated, the expression of K5 and K3 was repressed by adding tetracycline (Tet; 150 nM).
whereas neighboring K5-negative cells showed typical staining of cellular junctions (Fig. 1B) . K5 also drastically reduced biotinylated VE-cadherin, consistent with a significant reduction of VE-cadherin levels at the cell surface (Fig. 1C) . Interestingly, VE-cadherin levels in latently infected DMVECs that did not express K5 were increased (Fig. 1C) . In contrast, residual VE-cadherin was detected in K5-containing cells by immunoblotting (Fig. 1D ). This protein could be either residual VE-cadherin at the cell surface or newly synthesized VEcadherin that had not yet reached the cell surface.
Most K5 targets are downregulated by endocytosis, ubiquitin-mediated sorting to multivesicular bodies, and ultimately, lysosomal destruction (21) . To determine whether VE-cadherin is ubiquitinated by K5, we immunoprecipitated VE-cadherin from E-DMVECs transduced with AdK5 or AdTet alone as a control and then analyzed the immunoprecipitates by immunoblotting with antiubiquitin antibody. As shown in Fig.  1E , ubiquitinated VE-cadherin was observed only in the presence of K5 and not in cells transduced with the control. To further examine whether ubiquitinated VE-cadherin is degraded in lysosomes, we treated cells with ConA, which inhibits endosomal/lysosomal acidification. Interestingly, this treatment stabilized a ubiquitinated intermediate of VE-cadherin even in the absence of K5 (Fig. 1E ), presumably because VEcadherin is naturally turned over by ubiquitination and lysosomal degradation (24) . However, ubiquitinated VE-cadherin was also observed in the absence of ConA in cells transduced with AdK5. In ConA-treated cells, there was a strong increase of ubiquitinated VE-cadherin in the presence of K5, suggesting that both natural and K5-induced turnover had been inhibited. Since K5 ubiquitinates cytoplasmic lysines in its target molecules, we tested whether the cytoplasmic tail of VE-cadherin was required for K5-mediated downregulation. Myc-tagged VE-cadherin or VE-cadherin in which the cytoplasmic tail was replaced by the Myc tag (83) was expressed from an Ad construct, and cells were cotransduced with the construct and AdK5 or control Ad. As shown in Fig. 1F , whereas the fulllength tail supported VE-cadherin downregulation by K5, [12] .) Taken together, these observations indicate that K5 targets the endothelial junction protein VEcadherin for ubiquitin-mediated internalization and degradation in the endosomal/lysosomal compartment. KSHV downregulates VE-cadherin upon de novo infection and reactivation. To examine whether the downregulation of VE-cadherin also occurs in KSHV-infected cells, we monitored VE-cadherin expression upon the primary infection of T4 TIME cells with KSHV. De novo infection of T4 TIME cells with KSHV results in a temporary downregulation of MHC-I, ICAM-1, and CD31/PECAM-1 due to temporary K5 expression prior to the establishment of latency. We infected T4 TIME cells with KSHV as described previously (75) and evaluated both MHC-I and VE-cadherin expression 24 h postinfection. As shown in Fig. 2A (upper panels), cell surface expression of both molecules was diminished, consistent with K5's inhibiting VE-cadherin expression in KSHV-infected cells. VE-cadherin levels in T4 TIME cells were lower than those in E-DMVECs ( Fig. 2A, lower panels) , so that the TIME cells became VE-cadherin negative upon KSHV infection.
Except for a small percentage of cells undergoing spontaneous reactivation of the infection, E-DMVECs with long-term latent infection do not express K5 (52) . However, K5 is expressed upon the induction of the lytic cycle with phorbol esters (52), although phorbol esters activate ECs and reduce VE-cadherin expression (80) , rendering it difficult to interpret the effect of lytic reactivation on VE-cadherin. Recently, it was demonstrated that K5 belongs to a small group of proteins encoded by KSHV lytic genes that can be activated by the Notch-signaling pathway (16, 17) . The activation of the Notch receptor by the binding of one of its ligands (Delta, Jagged, or Serrate) leads to proteolytic cleavage of the receptor on the inner side of the membrane, releasing NIC (66) . NIC is translocated to the nucleus, where it activates genes by interacting with RBP-J, a transcriptional activator that cooperates with the KSHV replication and transcription activator (RTA) to reactivate KSHV (48, 49) . The transfection of cells that harbor the KSHV genome with a construct expressing NIC results in incomplete reactivation, with the expression of a limited number of lytic transcripts, including K5 transcripts (17) . To determine whether NIC expressed in latently infected E-DMVECs would induce K5 and thus downregulate VE-cadherin, we inserted NIC into replication-deficient Ad (yielding AdNIC). Consistent with reactivation, the lytic gene product ORF59, as well as K5, was expressed upon transduction with AdNIC (Fig.  2B) . In parallel, VE-cadherin and CD31 levels were strongly reduced upon transduction with AdNIC ( Fig. 2A) .
To further demonstrate that VE-cadherin downregulation by KSHV depends on K5 expression, we monitored VE-cadherin and MHC-I expression upon the de novo infection of T4 TIME cells treated with siRNA for K5 or control siRNA. In pilot experiments, we verified the loss of K5 expression upon siRNA treatment (data not shown). Consistent with the findings in previous reports (1), MHC-I was no longer downregulated when cells were treated with K5 siRNA (Fig. 2C) . Remarkably, VE-cadherin levels were also completely restored in the K5 siRNA-treated cells, whereas control siRNA had no effect. Taken together, these data clearly show that K5 mediates VE-cadherin downregulation upon lytic gene expression in KSHV-infected ECs.
KSHV K5 downregulates ␣-, ␤-, and ␥-catenins. Cadherins mediate calcium-dependent cell adhesion by interacting with the cadherins on neighboring cells (in homotypic interactions). Thus, cadherins play a major role in the formation of cell-cell junctions. However, cadherins also orchestrate the development of the cytoskeletal architecture (5), with ␣-and ␤-catenins and ␥-catenin interacting with both the cytosolic faces of cadherins and the actin cytoskeleton.
Given the tight association of cadherins with catenins, we monitored the subcellular distribution and expression of catenins in K5-expressing cells. IFA confirmed the colocalization of VE-cadherin with ␣-and ␤-catenins, as well as ␥-catenin, in E-DMVECs (Fig. 3A) . CD31/PECAM-1 is also known to interact with ␤-catenin (70). However, the costaining of ␣-and ␤-catenins and CD31/PECAM-1 revealed only partial colocalization (Fig. 3B) , suggesting that VE-cadherin is predominantly responsible for the membrane association of ␣-and ␤-catenins in E-DMVECs.
In E-DMVECs transduced with AdK5 at a low MOI, areas positive for K5 showed low levels of ␣-and ␤-catenin staining, in contrast to the staining pattern in neighboring untransduced cells (Fig. 3C) . Similar results were obtained with ␥-catenin (Fig. 3C ). Upon transduction with AdK5 at a high MOI, ␤-catenin levels were uniformly low, whereas expression was unchanged in the presence of K3 (Fig. 4A) . Intracellular flow cytometry results were consistent with reduced steady-state levels of ␣-catenin, ␤-catenin, and ␥-catenin (Fig. 4B) . Inter- estingly, there was a slight, but reproducible, reduction of ␥-catenin by K3 as well. The reason for this decrease is currently not known. We hypothesized that K5 liberates catenins from the VE-cadherin scaffold and that free-catenin levels are reduced by constitutive degradation. Free ␤-catenin is phosphorylated by glycogen synthase kinase-3 (GSK-3), which targets ␤-catenin for ubiquitination and proteasomal degradation (48) . Similarly, ␣-catenin is degraded by the proteasome, albeit independently of ubiquitin (38) . To examine whether ␤-catenin was reduced by proteasomal degradation, we monitored ␤-catenin in the presence of the proteasome inhibitor MG132. In addition, we used ConA, which stabilized ubiquitinated VEcadherin as described above. Interestingly, ␤-catenin levels in the presence of ConA were still reduced, suggesting that the ubiquitinated VE-cadherin does not interact with ␤-catenin. However, MG132 restored ␤-catenin levels, consistent with K5's releasing ␤-catenin into the cytosol for proteasomal degradation (Fig. 4C) . This is the first demonstration of a cytosolic protein's being downregulated as a consequence of viral or cellular MARCH protein expression.
␤-catenin also acts as a transcriptional coactivator in the Wnt pathway, where it induces the transcription of genes involved in the cell cycle and cell differentiation (10) . It was previously reported that ␤-catenin released from the cadherin scaffold induces the transcription of Wnt-regulated genes independently of Wnt signaling (39, 50) . Therefore, we examined the expression of the Wnt-/␤-catenin-regulated proteins cyclin D1 and survivin. Unexpectedly, the levels of expression of both proteins were lower upon transduction with AdK5 than upon transduction with control Ad (Fig. 4D) , suggesting that K5 does not induce ␤-catenin target proteins but actually lowers the level of steady-state transcription of Wnt-regulated genes.
Previously, it was demonstrated that LANA-1 inhibits GSK-3 in KSHV-infected primary effusion lymphoma cell lines, resulting in markedly increased ␤-catenin levels in the cytoplasm (34) . ␤-catenin enters the nucleus in LANA-1-expressing cells, thus activating Wnt-responsive genes. However, ␤-catenin remained associated with the cell surface in LANA-1-expressing latently infected E-DMVECs, whereas ␤-catenin was absent from K5-positive cells with spontaneously reactivating infection (Fig. 4E) . Thus, LANA-1 does not seem to prevent ␤-catenin degradation upon KSHV reactivation.
K5 upregulates N-cadherin in ECs.
To independently examine whether K5 targets ␤-catenin directly, we studied ␤-catenin expression in HeLa cells, a cervical carcinoma line that does not express VE-cadherin. Both K3 and K5 reduced MHC-I levels in HeLa cells but did not reduce steady-state levels of ␤-catenin as shown by flow cytometry (Fig. 5A) or IFA (Fig.  5B) . Thus, K5 does not directly mediate ubiquitin-mediated degradation of ␤-catenin.
Since HeLa cells express N-cadherin (65), this observation also suggested that N-cadherin is K5 resistant. However, Ncadherin is also present in ECs but it does not localize to adherens junctions and is thought to mediate heterotypic adhesion to non-ECs (14) . Thus, it was conceivable that K5 ubiquitinates N-cadherin in ECs but not in HeLa cells. Unexpectedly, N-cadherin levels actually increased upon K5 expression in E-DMVECs, as shown by immunoblotting (Fig. 5C ) or surface protein biotinylation (Fig. 5D ). This observation may be explained by VE-cadherin's normally displacing N-cadherin from adherens junctions, leading to rapid turnover (41, 58) . In contrast, K5-mediated removal of VE-cadherin may stabilize N-cadherin at the cell surface. Nevertheless, N-cadherin seems unable to substitute for VE-cadherin with respect to ␤-catenin association, despite the fact that both cadherins contain conserved cytoplasmic domains associating with catenins (84) .
Interestingly, the reverse situation was observed in EDMVECs latently infected with KSHV. As shown in Fig. 1C , steady-state levels of VE-cadherin were higher in latently infected than in uninfected E-DMVECs. In contrast, N-cadherin was completely absent from latently infected E-DMVECs (Fig.  5C) . Thus, latency-associated proteins of KSHV seem to induce VE-cadherin, which may displace N-cadherin from the cell surface. In the presence of K5, VE-cadherin is removed, thus stabilizing N-cadherin expression.
KSHV K5 modulates the actin cytoskeleton. Since catenins link cadherins to actin filaments (F-actin), we investigated the F-actin structure in ECs. In uninfected E-DMVECs, F-actin formed cables that were perpendicular to the membrane, presumably anchoring the adherens junctions (Fig. 6A) . The same architecture was observed in DMVECs transduced with Ad expressing MHV68 K3 or KSHV K3 (Fig. 6A) . (In some cells with high levels of KSHV K3 expression, actin filaments appeared to form larger actin cables, potentially representing stress fibers [62] .) In contrast, F-actin was reorganized to localize along the cell periphery in E-DMVECs expressing K5, both those expressing high levels and those expressing barely detectable levels of K5 (Fig. 6A) . Intracellular flow cytometry and immunoblotting also indicated a modest reduction of steady-state levels of F-actin in K5-expressing cells compared to the levels in cells transduced with the control (Fig. 6B and  C) . These data indicate that K5 drastically dysregulates the actin cytoskeleton, most likely as a consequence of the downregulation of the VE-cadherin-catenin complex. 
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Functional consequences of K5 expression for EC function. To monitor whether K5 affects intercellular junction formation and monolayer permeability, we used ECIS, a noninvasive measurement of cellular behavior in real time (Fig. 7A) (81, 82) . A typical resistance curve with an initial increase in resistance was observed when E-DMVECs settled at the bottoms of the ECIS array wells and established firm cell-substrate interactions with the coated electrode surfaces (Fig. 7B) . As cells spread and established tight intercellular contacts, the current flow between neighboring cells was further restricted. Cells infected with AdTet alone and cells expressing K3 exhibited similar patterns of attachment, spreading, and junction formation. In the presence of K5, however, resistance remained at a low level throughout (Fig. 7B) , despite the fact that the monolayer was visually indistinguishable from controls (data not shown). To examine whether K5 would increase the permeability of a preformed monolayer, we took advantage of the Tet-dependent regulation of K5 expression. When EDMVECs cotransduced with AdK5 and AdTet were grown in the presence of Tet, monolayer resistance was similar to that of controls. However, upon the induction of K5 by Tet removal, monolayer permeability rapidly decreased (Fig. 7D ). In contrast, adding Tet back to the culture restored monolayer resistance (Fig. 7C) . Since permeability depends on intact endothelial junctions, we conclude that the downregulation of VE-cadherin by K5 was responsible for the observed increase in E-DMVEC permeability.
DISCUSSION
The two RING-CH transmembrane ubiquitin ligases of KSHV eliminate overlapping and nonoverlapping sets of surface proteins. Since most of the proteins targeted by K3 and K5 stimulate recognition by NK, NKT, or T cells, K3 and K5 are modulators of immune responses (MIRs) (19) . However, the downregulation of VE-cadherin, together with the elimination of CD31/PECAM by K5 (1, 52) , implicates K5 in altering the behavior of KSHV-infected ECs. VE-cadherin was downmodulated in DMVECs transduced with the K5 vector and in latently infected DMVECs upon the reactivation of infection and upon primary infection. Interestingly, the transient infection of human umbilical vein ECs with KSHV reportedly reduced CD31/PECAM and VE-cadherin expression in a previous study (28) . Our data suggest that this result was most likely due to K5.
The relevance of this remodeling of endothelial junctions for the establishment and maintenance of chronic infection by KSHV, as well as KS tumor development in immunocompromised individuals, depends on the expression of K5 in vivo. In primary effusion lymphoma-derived cells, KSHV is strictly latent and K5 is expressed only upon lytic reactivation (72) . Similarly, in long-term cultures of E-DMVECs, K5 expression requires reactivation (52) (Fig. 2) , consistent with the K5 gene's being an immediate-early gene. However, K5 is also expressed in KSHV-infected cells that do not undergo a full- blown lytic cycle. Upon reactivation, K5 expression precedes the expression of the lytic switch gene encoding RTA (60) , and in newly infected DMVECs, K5 expression occurs for several days after the shutoff of RTA, suggesting that K5 expression is RTA independent (43) . Importantly, K5 targets are downregulated during such primary infection (1, 75) ( Fig. 2A) . K5 expression can be activated by Notch in the absence of RTA, and Notch is present in KS (17, 34) (Fig. 2A) . K5 is also encoded by latent transcripts (73) . Previous immunohistochemistry analyses indicated that K5 is widely expressed in KS tumor cells, including the spindle cells typical of KS (33) , and K5 was among a small number of lytic gene products upregulated upon the transfer of murine bone marrow-derived ECs transduced with KSHV-bacterial artificial chromosome into nude mice VOL. 82, 2008 REMODELING OF ENDOTHELIAL ADHERENS JUNCTIONS BY KSHV 9623 (57) . Thus, the expression of K5 in vivo may be more widespread than that of most other lytic gene products. A more detailed study of K5 protein expression in KS tumors has been hampered so far by the fact that very little K5 seems to be required to affect target protein expression. During primary infections, K5 expressed well below IFA detection limits was still able to eliminate cell surface molecules (1, 75) . Thus, the presence or absence of K5 target proteins may be a better measure of K5 activity than K5 protein levels. Both VE-cadherin and CD31 are expressed in KS tumor cells, including the spindle cells typical of KS (27, 77) . However, other investigators have reported inconsistent CD31 levels in nodular tumor tissue compared to those in blood vessels or compared to CD34 levels (67) . The expression of VE-cadherin mRNA in KS tissue was found previously to be increased compared to that in normal skin (18) . However, the same study reported increased message levels for MHC-I. Since K5 downregulates MHC-I or VE-cadherin posttranslationally, mRNA levels may not accurately reflect protein levels. Moreover, KS tumors are composed of both KSHV-infected ECs and uninfected ECs (27) , and it has not been established whether VEcadherin, CD31, and MHC-I expression is more prominent on uninfected cells than on infected cells or in lytic cells than in latent cells. Thus, pending further studies, it is presently not known what percentage of KS cells display reduced expression of K5 target proteins. Using KS-derived cell lines that do not harbor viral genomes, Boccellino et al. detected an upregulation and redistribution of VE-cadherin, ␣-catenin, and ␤-catenin during the migration of KS cells in response to plateletactivating factor (8) , suggesting that exogenous factors may further affect VE-cadherin expression in KS tumors.
K5-mediated VE-cadherin downregulation during the establishment of latency may accelerate the morphological changes typical of KS, and K5 may render cells more responsive to growth factors since adhesion-dependent contact inhibition renders cells less responsive to vascular endothelial growth factor (31) . In latently infected cells undergoing partial lytic reactivation, K5-dependent remodeling of adherens junctions may contribute to proteomic reprogramming of ECs (36, 78) . In addition, our ECIS results suggest that K5 increases cell layer permeability, which may contribute to the vascular leakage and the disintegration of vascular architecture typical of KS. Decreasing EC adherence may also contribute to the dissemination of infected ECs, e.g., as circulating ECs are frequently found in KS patients (11, 63) .
K5 is the first viral protein shown to destroy endothelial junctions. Since K5 is a homologue of the cellular MARCH family of ubiquitin ligases (3), MARCH-mediated VE-cadherin internalization may also occur during the physiological modulation of adherens junctions. Interestingly, E-cadherin is ubiquitinated and sorted to lysosomes (61) , and VE-cadherin can be ubiquitinated and internalized by a cbl-like ubiquitin ligase (24) . Moreover, we observed a ubiquitinated intermediate of VE-cadherin in the presence of proton pump inhibitors (Fig. 1E) . The viral downregulation of VE-cadherin may thus mimic or accelerate a normal cellular process. It is highly likely that one of the MARCH proteins will modulate VE-cadherin, since all cellular targets of viral proteins are also targeted by one or more cellular MARCH proteins (3) .
We observed that the posttranslational downmodulation of VE-cadherin by K5 increased the steady-state levels of Ncadherin but that VE-cadherin levels were higher and N-cadherin levels were lower upon the establishment of latent infection. Since VE-cadherin locates to cell-cell contacts, whereas N-cadherin distributes over the entire membrane, it is thought that VE-cadherin actively excludes N-cadherin from adherens junctions (58) . VE-cadherin removal by K5 may thus remove the competitor and stabilize N-cadherin, whereas VE-cadherin upregulation in latently infected cells has the opposite effect. However, N-cadherin cannot functionally replace VE-cadherin with respect to anchoring the adherens junctions to the actin cytoskeleton via ␣-, ␤-, and ␥-catenins. Interestingly, in a previous study, angiosarcomas lacking VE-cadherin showed higher levels of N-cadherin expression and formed larger tumors in nude mice than the VE-cadherin-expressing controls (85) . Similarly, the remodeling of cadherin-dependent adhesion by K5 may contribute to KS tumorigenesis.
K5 is also the first viral protein observed to downregulate ␣-or ␤-catenin or ␥-catenin. Although ␤-catenin associates with both CD31 and VE-cadherin (7), ␤-catenin association with VE-cadherin suggests that ␤-catenin downregulation is predominantly a consequence of VE-cadherin removal (Fig. 3) . In contrast to K5, other viral proteins, mostly from tumor viruses, have been observed previously to stabilize ␤-catenin, e.g., human T-cell leukemia virus type 1 Tax (76), hepatitis B virus X protein (15) , human immunodeficiency virus type 1 vpu (45), latent membrane protein 1 (LMP-1) and LMP-2A of EBV (46, 55) , and most interestingly, LANA-1 of KSHV (29, 30) . LMP-1 reduces the expression of the ␤-catenin-degrading ubiquitin ligase SIAH-1 (42), whereas LANA-1 prevents the phosphorylation of ␤-catenin by sequestering the kinase GSK-3␤ (30) . Stabilization of ␤-catenin also occurs upon Wnt signaling, in which ␤-catenin acts as a nuclear cofactor responsible for inducing developmental and proliferative genes. Thus, EBV and KSHV may promote B-cell proliferation by stabilizing ␤-catenin (34) . ␤-catenin release from cadherins has been implicated in Wnt-dependent and Wnt-independent induction of transcription during cancer (34, 39, 44) . While we did not observe increased ␤-catenin levels in cells coexpressing K5 and LANA and while K5 reduced the expression of Wnt target proteins (Fig. 4) , further work is required to examine whether LANA-1 stabilizes nuclear ␤-catenin levels in ECs since in vitro conditions may not accurately reflect the levels of transcriptionally active versus inactive ␤-catenin in vivo.
In summary, we have demonstrated that the immune modulator K5 remodels EC adherens junctions, with profound effects on EC adhesion, the cellular cytoskeleton, and potentially, ␤-catenin signaling. We therefore conclude that K5 not only reprograms the membrane proteome of KS cells but also modulates other cellular proteomes and potentially the transcriptome. We propose that K5 contributes to the reprogramming and dedifferentiation of the ECs during KS tumor development.
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